Using hydrodynamic simulations of disk-galaxy major mergers we investigate the starformation history and remnant properties when various parameterizations of a simple stellar feedback model are implemented. The simulations include radiative cooling, a density-dependent star-formation recipe and a model for feedback from massive stars. The feedback model stores supernova feedback energy within individual gas particles and dissipates this energy on a time-scale specified by two free parameters; β, which sets the efficiency, and n, which sets the effective equation of state in star-forming regions. Via this model, feedback energy can provide pressure support to regions of gas that are thermally cold. Using a self-consistent disk galaxy, modeled after a local Sbc spiral, in both isolated and major-merger simulations, we investigate parameterizations of the feedback model. Model parameters are selected by requiring quiescent disk stability and star formation that is consistent with the Schmidt law found by Kennicutt (1998) . Models that satisfy these criteria produce varying star-formation histories for disks evolved in isolation, or during a major merger. All major mergers produce a population of new stars that is highly centrally concentrated, demonstrating a distinct break in the r 1/4 surface density profile, consistent with previous findings. The half-mass radius and one-dimensional velocity dispersion are affected by the feedback model used. In tests with up to an order of magnitude higher resolution, the star formation history is nearly identical, suggesting that we have achieved a numerically converged star formation history. Finally, we compare our results to those of previous simulations of star formation in disk-galaxy major mergers, addressing the effects of star-formation normalization, the version of smoothed particle hydrodynamics (SPH) employed, and assumptions about the interstellar medium. Our results suggest previous simulations overpredicted the efficiency of star formation due to major mergers.
INTRODUCTION
It is commonly assumed that galaxy interactions trigger powerful bursts of star formation. This assumption is supported by a variety of observational data which links morphologically disturbed or outright merging galaxies to enhanced levels of star formation (Larson & Tinsley 1978; Joseph & Wright 1985; Kennicutt et al. 1987) . In fact, the most vigorously star-forming galaxies in the local universe, the ultra-luminous infrared galaxies (ULIRGs), are nearly 1989; Barnes & Hernquist 1991 , 1996 . Later, by including simple recipes to capture star formation and kinetic feedback from massive stars, Mihos & Hernquist (1994c , 1996 produced the first quantitative results of the star formation induced during a major merger. These authors find that mergers between two equal mass galaxies, so-called major mergers, trigger star formation at every close passage of the galactic nuclei, culminating in a burst at the final merger. In total, these starbursts convert ∼ 80% of the original gas mass into stars, an efficiency apparently independent of galaxy orientation or the presence of a spheroidal bulge in the primary disk galaxy.
Subsequent work has become more ambitions. Springel (2000, hereafter S00) employed a slightly more elaborate treatment of the interstellar medium (ISM) by not requiring gas to follow an isothermal equation of state. More recently, simulations have included shock-induced star formation (Barnes 2004 ) and accreting black holes (Springel, Di Matteo & Hernquist 2004b) . While all of these studies have supported the fact that major mergers induce star formation, it has become clear that the star-formation efficiency is highly dependent upon the star formation and feedback assumptions. In this paper, we address this issue in more detail. Using a generalization of the star-formation and feedback model of S00, we explore a range of parameters and determine how the resulting starburst is affected.
It should be pointed out that because we lack a detailed theory of star formation and the influence young stars have on their surroundings, there are no clear means to include these physical processes in numerical simulations. The typical approach is to formulate physically or observationally motivated recipes whose impact is controlled by one or more free parameters. This methodology is also motivated by the finite numerical resolution achievable. Current state-of-theart numerical simulations evolve individual fluid elements which each represent ∼ 10 5 M⊙and 100 pc. As an example, star formation on kpc scales is observationally found to trace the gas density in what is known as the Schmidt law (Kennicutt 1998) . Motivated by this relation, simulations can employ a recipe that converts gas to stars based on the local gas density. In this sense, a simulation can capture the sub-resolution star formation averaged over scales that are numerically resolved. Unfortunately, there exists no clear analog to the Schmidt-law for the effects of massive stellar winds and supernovae.
Effective parameterizations for stellar feedback have been included in numerical simulations for the past decade. The first attempts used "thermal feedback," in which energy released by supernovae simply increases the thermal energy of the gas (Katz 1992) . Subsequent tests have yielded one of the most robust results regarding feedback: thermal feedback is ineffective at regulating star formation due to the short cooling times (and rapid thermal energy loss) in dense star-forming regions (S00; Navarro & White 1993; Mihos & Hernquist 1994b) . Extensions of thermal feedback, in which a fraction of the supernova energy is imparted as kinetic energy to nearby gas (Navarro & White 1993; Mihos & Hernquist 1994b) , have proved effective at producing stable, constantly star-forming disk galaxies, yet have the negative property that their implementations are resolution dependent and they have difficulty stabilizing disks with a large gas fraction. Beyond this kinetic feedback, most other recipes have looked to prevent the efficient radiation of feedback energy. Gerritsen & Icke (1997) used UV radiation from young stars to offset efficient cooling, S00 created a turbulent reservoir that retained feedback energy for a set time-scale, and Thacker & Couchman (2001) simply inhibited cooling for 30 Myr subsequent to the injection of feedback energy (see Couchman 2000 and Kay et al. 2002 for a comparison of various feedback methods). More recently, methods have been developed to model the multiphase nature of the ISM (Yepes et al. 1997; Hultman & Pharasyn 1999; Semelin & Combes 2002; Marri & White 2003; Springel & Hernquist 2003) . While each of the above models has advantages and disadvantages, many of these methods choose to regulate star formation in an equivalent manner; by using feedback energy to effectively pressurize the ISM in star-forming regions.
We take a slightly different approach than previous work. Instead of physically motivating a specific feedback model, we generalize the work of S00 so that we can vary both the efficiency of feedback and its dependence on gas density through an effective equation of state. While this may not provide a feasible comparison to all of the feedback methods listed above, it serves as a useful tool to understand how assumed feedback parameters affect star formation. One of our long-term goals is to uniquely determine a single parameter set, or feedback model, which can be used for a large series of major-and minor-merger simulations. Unfortunately, it is difficult to define a checklist against which each model can be measured, and hence it is difficult for us to endorse one model as significantly better than any other. We can, however, identify trends that are present in our various models and use these to limit parameter exploration in future work. For instance, we find that our three "low-feedback" models, which are favored over our "highfeedback" models, produce maximum star-formation rates during a major merger which differs by a factor of 3, yet the total gas consumed is only different by 8%. Hence, by selecting one of these models for use in subsequent simulations the resulting gas consumption is robust while the maximum star-formation rate will depend on the specific model used.
An important aspect of the work presented here will be to detail how assumptions made by MH96 and S00 affected their merger-induced starbursts. Even though these papers arrived at similar conclusions, the galaxy models, temperature and equation of state of the ISM, implementation of feedback, and N-body/smoothed particle hydrodynamics (SPH) code were were all different. This last point is particularly relevant, as older formulations of SPH lose entropy when variable smoothing lengths are used (Hernquist 1993b) , thereby overpredicting the amount of cold gas. However, Springel & Hernquist (2002) formulated a new version of SPH that manifestly conserves both energy and entropy, when appropriate. We will investigate what effects this new version of SPH has. We also address the numerical convergence of our simulations by performing mergers with up to ten times the resolution. In additional tests, we vary the assumed gas metallicity and star-formation efficiency and determine the resultant star formation.
In our study of the star-formation response to different parameterizations of feedback, we find that the properties of the merger remnants are also affected. This is significant because mergers between spiral galaxies are consid-ered the most likely mechanism to form elliptical galaxies. This "merger hypothesis" (Toomre & Toomre 1972; Toomre 1977) is generally supported by simulations (Hernquist 1992 (Hernquist , 1993c Naab & Burkert 2003, S00) , and here we show that details of the feedback model will affect the ability to test the merger hypothesis. We reserve an exhaustive study of the merger remnants to future work, but the variation of feedback parameters alters the merger remnant and we document these effects here.
In short, we address the following issues in this work:
(i) How does the star-formation rate and the global gas consumption depend upon the feedback model and feedback parameters?
(ii) Is the merger remnant affected by the choice of feedback parameters?
(iii) Do we have adequate mass resolution to follow the star formation during a disk-galaxy major merger, or in other words, are the evolution of the star-formation rate and the properties of the merger remnants numerically converged?
(iv) Are our models consistent with previous simulations of disk-galaxy interactions? Does using a modified version of SPH that manifestly conserves both energy and entropy, when appropriate, change the star-formation evolution?
This paper is designed to be the first in a series which compiles the star-formation and remnant properties for a large number of galaxy merger simulations. Subsequent papers will investigate the star formation induced during mergers between unequal mass galaxies (Cox et al., in preparation) the star-formation dependence on progenitor galaxy mass, and the effects of dust when comparing to observed samples of interacting and merging galaxies (Jonsson et al. 2005) .
We organize this paper as follows. To begin, §2 details the numerical techniques and the physical ingredients implemented into the simulations. §3 introduces a disk galaxy which will be used to investigate our feedback models. This disk galaxy is simulated in isolation in §3.1 and during a major merger in §4. §4 also shows the star-formation history ( §4.1) and takes a brief look at the properties of the merger remnant ( §4.4). We discuss our results in §5, including a resolution study ( §5.1), a comparison to previous work ( §5.2), and the effects of varying the ISM metallicity ( §5.3). Finally, §6 provides some concluding remarks and a prospectus for future work using the techniques we have developed in this paper.
NUMERICAL SIMULATIONS
All numerical simulations performed in this work use the N-Body/SPH code GADGET (Springel, Yoshida & White 2001) . We use the "conservative entropy" version of SPH detailed in Springel & Hernquist (2002) . To directly assess the effects of this choice, §5.2 re-simulates the fiducial diskgalaxy major merger using alternate versions of SPH. The following subsections detail the physical processes included in the simulations.
Cooling
Due to radiative cooling, baryons fall into the centers of dark-matter halos and achieve the cold, dense environment conducive to the formation of stars. For the majority of the simulations used in this work, the radiative cooling rate Λnet(ρ, u) is computed for a primordial plasma, as described in Katz, Weinberg & Hernquist (1996) . Ionization equilibrium is assumed and the ionization states of H and He are explicitly tracked. Because the radiative cooling of astrophysical plasmas is highly dependent upon gas metallicity, we also ran merger simulations using the tabulated cooling curves of Sutherland & Dopita (1993) , which allow for a range of metallicities. The results of these simulations are presented in §5.3. In all simulations the spatial and temporal changes in metallicity are ignored. Lastly, we remind the reader that, sans adiabatic processes, the radiative cooling described here, in which molecular cooling is neglected, effectively sets the minimum gas temperature to 10 4 K.
Star Formation
All numerical simulations presented here include star formation. Star formation is assumed to be proportional to the local gas density and inversely proportional to the local dynamical time-scale
where c⋆ is a free parameter determining the efficiency of star formation, and t dyn =(4πGρgas) −1/2 . This starformation law mirrors the approach commonly implemented in numerical simulations (MH96; S00; Katz 1992; Springel & Hernquist 2003) , but see Kravtsov (2003) for an alternate implementation in high-resolution, simulations and Mihos, Richstone & Bothun (1991) or Bekki & Shioya (1998) for variations in the density dependence.
The star-formation prescription set forth by equation (1) is supported by the observational work of Kennicutt (1998) which shows, on kpc scales, a correlation between the galaxy-averaged star-formation rate per unit area and the gas surface density. This relation is empirically determined to be ΣSFR = (2.5 ± 0.7) × 10
and will be interchangeably referred to as the "Schmidt law" or the "Kennicutt law" throughout the remainder of this paper. While the index 1.4 resembles theρ⋆ ∼ ρ 1.5 gas implied by equation (1), we must admit it is not clear that the gas volume density star-formation law should be similar to the empirical gas surface density one. Nevertheless, the simulations do obey (2), as shown in §4.2 Kennicutt (1998) found the existence of a surface density threshold at ∼ 10 M⊙ pc −2 , below which star formation dramatically drops (Kennicutt 1998; Martin & Kennicutt 2001) . To capture this effect in our numerical simulations, we introduce a volume-density threshold, ρ thresh . Gas which has a density larger than ρ thresh is eligible to form stars at a rate given by equation (1). We adopt ρ thresh = 0.0171 M⊙ pc −3 , a value similar to that used in S00 (MH96 did not include such a density threshold) and confirmed to reproduce the observational suppression of star formation below 10 M⊙ pc −2 . Interestingly, equation (2) also appears to hold for azimuthally averaged gas densities and star-formation rates in individual galaxies, although the scatter seems to be much larger and the slope shallower (Martin & Kennicutt 2001; Wong & Blitz 2002) .
Our implementation of star formation is fully determined by the one free parameter in equation (1), c⋆. To help us select a numerical value for c⋆ we define the characteristic time-scale for star formation as
Equation (3) relates the star-formation time-scale to the dynamical time by our one free parameter c⋆. Both time-scales become short at high densities. Observations indicate that the median gas consumption time-scale is much longer than the dynamical time-scale, suggesting that c⋆ ≪ 1 (Kennicutt 1998 (Bekki & Shioya 1998; Thacker & Couchman 2000) . Merger simulations with alternate values for c⋆ are performed in §5.2 but a detailed analysis of prescriptions to implement star formation and its assumed efficiency are beyond the scope of this work. Very little is known about the requisite conditions enabling star formation to occur. Previous simulations (see e.g., Katz 1992; Kravtsov 2003; Governato et al. 2004 ) have included star formation criteria such as gas convergence (∇ · v < 0), Jeans instability (h/c < t dyn ), and temperature thresholds (T < T thresh ). With the resolution of current simulations, where individual particles represent 10 5 M⊙ of gas, it is not clear that gas convergence should be required. The Jeans criterion is dependent on the numerical smoothing length, h, and hence has the undesirable behavior that it is a function of numerical parameters. Finally, as mentioned above, our treatment of cooling sets the minimum gas temperature at 10 4 K, thus we do not expect gas to approach physically reasonable temperatures for star formation ( 50K). For these reasons we have not included any of the above criteria in the work presented here.
As gas is converted to stars at the rate dictated by equation (1), one must decide how to handle the newly formed stellar mass. Since it is not computationally feasible to form individual solar-mass particles, numerical simulations commonly treat SPH particles as "hybrid" particles, representing both gas and new stellar material (e.g. Mihos & Hernquist 1994b) . While being relatively simple to implement, this procedure has the disadvantage that new stellar material is dynamically coupled to the gas. Because of this unphysical coupling introduced by hybrid particles, we choose an alternate approach suggested by several authors (Katz 1992; Springel & Hernquist 2003; Bottema 2003 ) in which each gas particle spawns a specified number Ng of stellar particles at a rate that statistically represents continuous star formation. We use Ng=2 for all simulations presented here, although we have tried varying Ng up to 10 and found little difference in the results (see the end of § 4.4 for details). Throughout this work stars formed during the simulation will be called "new", as opposed to "young", stars. We choose this because there is a mix of many stellar ages represented by these particles. While many of these particles are part of a young stellar population, a small percentage will have ages of several gigayear by the time the simulation is complete.
Feedback
As discussed in the introduction, many of the methods by which feedback from young stars are incorporated into numerical simulations involve artificially pressurizing gas in high-density, star-forming regions. Within SPH, where particles represent fluid elements, this pressurization is implemented on a particle by particle basis. We choose to follow this methodology, but rather than physically motivating a model for effective pressurization, we keep our formalism general and investigate the star-formation response to a variety of different parameter choices in both quiescent and merging disk galaxies.
In a manner similar to S00, and adopting his nomenclature, gas is assumed to consist of two energy reservoirs. One, the standard thermal energy u, can radiatively cool at a rate given by Λnet. The second, q, is an "ad-hoc" feedback reservoir. The pressure of this medium is then calculated as
where ρ is the gas density (the gas label is dropped from here forward), and γ is 5/3, consistent with the assumption of a monoatomic ideal gas. Equation (4) clearly shows that regions which are thermally cold, possibly because the density is such that cooling is very efficient, can be pressure supported if the feedback reservoir q ≫ u. Supernova feedback energy is calculated in a manner similar to Navarro & White (1993) . New stars form with a power-law initial mass function of slope -1.5 between 0.1 and 40 M⊙, and every star above 8 M⊙ goes supernova releasing 10 51 ergs of energy. The short lifetime of these high-mass stars is ignored and supernova energy is instantly returned to the system. We have investigated the effects of including realistic delays in supernova feedback, but it made little difference to the results reported here. We also investigated a limited range of excursions from the initial-mass function and high-mass cutoff listed above. In practice, though, these changes can be compensated with variations in our star formation or feedback free parameters and we do not consider this further. The supernova feedback energy per solar mass of newly formed stars ǫSN is assumed to be first released into the feedback reservoir q, i.e.
The feedback reservoir subsequently thermalizes its energy as
where f (ρ) parameterizes the efficiency of thermalization. At this point we depart from S00 and assume f (ρ) is a general power-law function of density, viz.
With this assumption we introduce two free parameters, β, which quantifies the efficiency at which feedback energy is dissipated, and n, which sets the polytropic index. The units of β are time −n , and we assume n is an integer. To minimize the effects of the feedback reservoir q in low-density regions, i.e. below the critical threshold for star formation, f (ρ) is fixed to β ′ ρ −1/2 (i.e., n = 2) for ρ < ρ thresh . The coefficient β ′ is chosen such that f (ρ) is continuous at ρ thresh . Because we have tied the sub-resolution physics of star formation and feedback to the thermodynamic properties of individual SPH particles, regions which are actively forming stars will have a temperature and pressure specified by the parameters of our model. Recent work (Springel & Hernquist 2003; Robertson et al. 2004; Springel et al. 2004b) has suggested that gas with a nonisothermal equation of state is required to generate disk-like structures in simulations of hierarchical structure formation and regulate high-gas fraction quiescent disk galaxies. For comparison, we here cast our model in terms of an effective temperature and pressure in star-forming regions. Specifically, we consider a region of gas where the adiabatic energy changes are negligible, but which is also at a density greater than ρ thresh and hence is actively forming stars. Under these conditions the feedback reservoir will equilibrate such that the energy input due to supernovae (5) equals the energy lost to thermalization (6), which is subsequently radiated away, viz.
This results in an effective equation of state
and an effective temperature in star-forming regions of
where µ is the mean molecular weight, and k is Boltzmann's constant. Notice that β, the parameter determining the efficiency of thermalization, enters into these equations in the denominator; thus, in what follows we will often discuss feedback in terms of β −1 and refer to this as a "feedback efficiency" since this quantity is linearly related to the effective pressure and temperature. This work will investigate three choices of n: 0, 1 and 2. When n = 0, the pressure linearly increases with the density, as in an isothermal gas. For the two cases we investigate with n > 0, the pressure increases faster than linear, i.e. the gas has a stiff equation of state. For reference, S00 choose n = 2 resulting in an equation of state P ∼ ρ 2 . 
Parameter Sets
The star-formation and feedback model presented in the previous sections has three free parameters: c⋆, controlling the efficiency of star formation, β −1 , determining the feedback efficiency, and n, specifying the feedback density dependence, or, as equation (9) demonstrates, the equation of state. While the star-formation efficiency c⋆ was fixed in § 2.2, β −1 and n are essentially free parameters. The approach of the work presented here is to survey a range of feedback parameters which sample, but not exhaust, viable possibilities. Viability is gauged by two criteria: one, the ability to regulate star formation at rates consistent with large, isolated, disk galaxies (∼ few M⊙ yr −1 ) and two, stability of the stellar and gaseous disk against axisymmetric perturbations, disk breakup, or both. We will require all parameter sets to satisfy both requirements. Instability due to insufficient feedback has been noted previously in the literature (Mihos & Hernquist 1994c , S00) and typically manifests itself within the gaseous disks first, where gas collapses into dense, rapidly star-forming, clumps whose size is specified by the numerical resolution rather than any physical process.
To determine the feedback efficiency β −1 we require the gas disk of an isolated galaxy to be Toomre stable (Binney & Tremaine 1987, eq. 6-49 )
where c 2 s =γP ρ −1 gives the sound speed, κ is the epicyclic frequency, and Σgas is the gas surface density. This requirement is supported by observations of local disk galaxies which suggest they reside at or slightly above Q ∼1 (Martin & Kennicutt 2001; Wong & Blitz 2002 ). Within our model, the pressure, and hence the sound speed, of starforming gas is given by equation (9). Inserting (9) into (11), and setting Q = 1 yields an expression for the feedback efficiency
From this equation for Equation (12) it is apparent that β can be determined given a star-formation efficiency c⋆, a feedback density dependence n, and a disk-galaxy model which specifies both κ and Σ. Both κ and Σ are functions of disk radius, but their ratio reaches a minimum at approxi-mately twice the exponential disk scale length and we adopt this value for use in equation (12). For the galaxy model that will be introduced in the following section, Table 1 lists β −1 for n = 0, 1, and 2. For each n there is a "low" value of β −1 which is determined from equation (12). This value of β should keep the gaseous disk near Q ≃ 1. In addition to the low-feedback model, we also include a super-stable, or "high", model that adopts a value of β ten times larger. The high-feedback model maintains the gas disk at Q ≃ 3. For reference, the low-feedback set of parameters result in an effective temperature 10 5 K in regions of gas which are at the critical density ρ thresh for star formation and the highfeedback model has an effective temperature 10 6 K. The two values of β serve to sample the range of viable feedback efficiencies and our model disk galaxy will be simulated in isolation and during a major merger for each parameter set. The labels listed in Table 1 will be used to reference each parameter set from this point forward.
As a control parameter set, and to verify the need for pressurizing feedback, we include the parameter set n0toolow, with a negligible feedback efficiency. In this case, gas is primarily maintained at 10 4 K, essentially the same as if no feedback was present at all.
Equation (12) highlights that our choice of feedback efficiency β is explicitly dependent on the model disk-galaxy structure via the epicyclic frequency κ and the surface density Σ. Alternate disk-galaxy initial conditions might require very different feedback efficiencies in order to maintain the disk at Q ≃ 1. Thus, a natural extension of the work presented in this paper is to extend our tests to different initial disk-galaxy models which span a range of intrinsic stabilities. The disk model we introduce in the following section is very gas-rich and quite susceptible to axisymmetric perturbations. For comparison, the value of β −1 used in S00 (0.02, n = 2) is ten times smaller than n2low. When these parameters are used for our model disk galaxy the gas quickly fragments into dense clumps, resulting in star formation well above 10 M⊙ yr −1 , in disagreement with observed Sbc galaxies. Apparently, the model disk galaxy used by S00 was intrinsically more stable than our Sbc model, which we discuss next.
MODEL DISK GALAXY
Since our primary goal in this work is to measure the star formation resulting from various feedback parameters, we select initial conditions likely to produce a large burst of star formation when subject to a galaxy merger. To this end we choose a large, gas-rich, disk galaxy. This type of initial conditions may also be appropriate for disks at higher redshift, where gas fractions are presumably higher. The initial disk galaxy contains a stellar disk, an extended gas disk, and a small bulge, all surrounded by a massive dark-matter halo. This galaxy is modeled after a local Sbc galaxy with its optical radius Ropt, dynamical mass M dyn , ratio of HI to M dyn within the optical radius, and absolute blue luminosity LB extracted from Roberts & Haynes (1994) . Disk and bulge properties are constrained to be consistent with Sbc galaxies as found in de Jong (1996) . All parameters are listed in Table 2 and described in further detail below.
A rotationally supported exponential disk represents the old stellar component and its radial disk scale length R d is determined from the observed optical radius by the relation Ropt = 3.2 × R d , valid for a Freeman disk. The stellar mass, quantified as a specific fraction m d of the total halo mass Mvir, is found by using a B-band mass-to-light ratio of 1.0 (Bell & de Jong 2001) and the blue luminosity. The disk thickness z0 is set to 20% of the radial disk scale length. A gaseous disk is also included in our Sbc model disk galaxy. Observationally, there is a wide range of gas properties associated with Sbc galaxies, but in general, the gas component is exponentially distributed and more extended than the stellar disk (Broeils & van Woerden 1994) . Taking this into consideration, we assume the gas disk to have an exponential profile with a gas scale radius Rg which is a factor α times the stellar disk scale radius, R d . Based on the most extended distribution for Sbc galaxies reported in Broeils & van Woerden (1994) , we choose α = 3. For simplicity we have ignored the cut-off in HI gas profiles which is presumably due to the extragalactic UV background. This assumption was tested by performing several simulations with the gas distribution truncated at radii consistent with observed disks (when Σgas ∼ 0.1 M⊙ pc −2 ) and the results are briefly discussed in §4.1. The gas mass, again quantified as a fraction mg of the total halo mass Mvir, is determined from the assumed profile and the observational ratio of HI, corrected for He, to dynamical mass within the optical radius.
A centrally concentrated bulge is included in our Sbc model. This bulge is non-rotating and has a spherically symmetric exponential distribution with scale radius R b . This choice is supported by observations which show that late-type spirals typically have bulge profiles more consistent with exponential than the commonly assumed r 1/4 pro-file (de Jong 1996; Balcells et al. 2003) . Several simulations were run with the bulge distributed in a Hernquist (1990) profile and the resulting star-formation rates and remnant properties were unchanged. The bulge makes up slightly less than 10% of the baryonic mass and approximately 1% of the total mass, consistent with Sbc-type spirals. The disk-bulge system is surrounded by a massive darkmatter halo which follows the Navarro-Frenk-White (NFW) fitting formula (Navarro, Frenk & White 1997) . The original profile has a halo concentration Rvir/rs, where Rvir is the virial radius and rs is a scale radius, of 11 which is then contracted due to the adiabatic growth of the central baryons (Blumenthal et al. 1984; Flores et al. 1993; Mo et al. 1998) . Given the halo profile, the dynamical mass within the optical radius, minus contributions from the baryonic components, is used to determine the total virial mass Mvir. This procedure leads to a maximum rotation velocity of approximately 220 km s −1 which is larger than the ∼ 190 km s −1 suggested by the baryonic Tully-Fisher relation (Bell & de Jong 2001) . The large rotation velocity of this model is a typical byproduct of adiabatically contracting an NFW halo (see e.g., Cole et al. 2000) . Table 2 lists the halo properties, including the spin parameter λ, and the corresponding angular momentum fractions of the stellar and gas disk, j d and jg respectively. Some models for the formation of disk galaxies require that the specific angular momentum of the baryonic component be conserved (Mo et al. 1998) , thus linking the spin of the dark matter halo to the size of the disk. Because the extended gas included in the model disk galaxy presented here contains a significant amount of angular momentum, we choose to decouple the disk and halo angular momenta and assume a median value of the halo spin parameter. Decoupling of the halo and disk angular momenta is also motivated by the discrepancy between the specific angular momentum of a typical dark matter halo and that of an exponential disk (see e.g., Bullock et al. 2001) .
The compound galaxy is constructed in a manner suggested by Hernquist (1993a) , Springel & White (1999) , and S00. This formalism has recently been updated by Springel et al. (2004b) to account for pressure gradients in the gas disk and hence, they claim, can be used to construct purely gas disks. While we have not thoroughly investigated the effects of their new method, nor are we using it here, we note that after an initial equilibration period our disk, with a relatively high gas fraction, is quite stable. This will be shown in the following section. Each disk galaxy is represented by 170,000 N-body particles, 100,000 of which represent the dark-matter halo, 30,000 for both the the stellar and gas disks, and 10,000 for the bulge. In §5.1 we investigate our choice of particle number. Motivated by the criteria of Power et al. (2003) , all simulations presented here adopt a gravitational softening length h = 400 pc for the dark matter particles and 100 pc for the stellar and gas particles. We remind the reader that, in GADGET, forces between neighboring particle become non-Newtonian for separations < 2.3 h.
Isolated Disk Star Formation
The feedback model outlined in §2 is designed to regulate the gas disk and prevent excessive star formation due to instability of the gas disk. To test our model, the Sbc galaxy model Figure 1 . Star formation for a Sbc isolated disk galaxy. The top, middle, and bottom figures are for models with n =0, 1 and 2, respectively. In each figure the upper star-formation rate, shown as a solid line, is the "low" feedback model and the lower line which is thinner and dotted is the "high" feedback model. All models regulate star formation at a constant rate which is set by the strength of the feedback. was simulated in isolation for one Gyr, with each of the seven parameter sets in Table 1 . The resulting star-formation rates are shown in Fig. 1 and 2 . Except for n0toolow, all models have continuous star formation at a regulated rate. Lowfeedback parameter sets have star-formation rates of approximately 3 M⊙ yr −1 , and the high feedback parameter sets < 1 M⊙ yr −1 . The n0toolow model is wildly unstable and star formation rapidly grows to over 40 M⊙ yr −1 . Figure 3 displays the gas-surface density for models n0low and n0toolow. All models with regulated star formation are qualitatively similar to n0low. The gas disk in the n0toolow case has fragmented owing to the growth of instabilities in the inner disk. This evolution is consistent with other studies that have evolved isolated disks with insufficient feedback (S00; Bottema 2003; Robertson et al. 2004; Springel et al. 2004b) . At first glance, it appears the largest factor in determining the global star-formation rate for the isolated disk galaxies is the feedback efficiency, β −1 . Except for in n0toolow, a very small fraction of the original gas mass is consumed during the simulations. Lowfeedback models consume ∼6% of the original gas mass and high feedback models ∼1%, while n0toolow consumes 47% over one Gyr. The instability of the gas disk and the resulting uncontrolled star-formation rate of n0toolow, which is larger than observed Sbc galaxies, leads us to deem this parameter set as invalid and we consider it no further. The low fraction of gas consumed during the other (non-n0toolow) simulations is due to the very extended gas distribution for the disk galaxy simulated here. Half of the original gas mass is at radii greater than 27.6 kpc, whereas star formation predominantly takes place at the galaxy center and along transient spiral structures, always at radii less than 25 kpc.
The equation of state n has a relatively minor effect on the average star-formation rate and the global gas consumption in the isolated galaxy. Run n0low has an average starformation rate of 3.3 M⊙ yr −1 , while the average of n2low is 3.0 M⊙ yr −1 . During the one Gyr simulation n0low converts 6.0% of the original gas mass to new stars, and this drops slightly to 5.6% for n2low. Apparently, the equation of state n plays a secondary role to β −1 in determining the star formation for an isolated disk. Fig. 4 , except here the projected gas density is shown. The density scale is identical to Fig. 4 and is given in the top-left plot.
MAJOR MERGERS
To generate a galaxy merger, identical copies of the isolated galaxy model are initialized on a prograde parabolic orbit with pericentric distance Rperi = 11 kpc (∼ 2 R d or ∼ 0.05 Rvir) and an initial separation of 200 kpc. One disk is in the orbital plane while the other is inclined by 30
o . This generates a fast, nearly radial, collision consistent with orbits found for dark-matter halos in a cosmological simulation (Khockfar & Burkert 2004) . Figure 4 displays the stellar (disk plus bulge) density projected onto the orbital plane. The simulation begins with a wide separation between the two galaxies, and they are essentially unaffected by each other's presence. As the galaxies reach pericenter (T ≈ 0.6 Gyr) each disk becomes tidally distorted. Long tidal tails carry out loosely bound material while the central regions form transient bar-like structures (see T = 0.7 − 0.9 Gyr). At this point dynamical friction has increased the spin of the dark-matter halos and extracted orbital energy from the originally unbound orbit. As the galaxies separate, a bridge forms that connects the two galactic centers, and at T = 1.1 Gyr the galaxies reach apocenter, with a separation of 80 kpc. The final merger is a messy process starting at T = 1.6 Gyr and lasting for 200 Myr. The disks are effectively destroyed and we are left with a spheroidal-looking object (MH96; S00; Hernquist 1992).
While the projected gas density, shown in Figure 5 , displays many of the same features as the stellar component, differences arise due to both the collisional nature of the gas and its extended distribution. Owing to gas shocking, kinetic energy is converted to thermal energy and subsequently radiated away. Due to this energy dissipation, an offset develops between the stellar and gaseous components. This offset generates torques which strip gas of its angular momentum and plunge it into the dense central regions of each galaxy (see T = 0.7 − 0.9 Gyr). Since we have tied the formation of stars to the gas density through equation (1), a burst of star formation ensues (MH96; Mihos & Hernquist 1994c ). Due to the extended gas distribution, extended tidal tails are present in the gaseous component from T = 1.2 − 1.6 Gyr, while the stellar tails have predominantly fallen back to the central galaxy. These gaseous tails are sharper and thinner than their stellar companions, and continually rain back on the central disks. The final merger is particularly violent for the collisional gas as large amounts of gas shocking occur . These shocks provide a significant source of heating to the gas, and its evolution depends on its density. High-density gas is able to radiatively cool on a short time-scale, and provides fuel to continue the starburst. Lowdensity gas, on the other hand, expands from the central region and contributes to a hot gaseous halo in the merger remnant. At T = 3.0 Gyr, 1.2 Gyr after the merger is complete, ∼ 20% of the remaining gas has cooled and has formed a disk in the central regions (< 10 kpc), similar to what was found by Barnes (2002) and . The merger remnant also contains several tidal condensations, formed from loosely bound tidal material and composed entirely of gas and new stars (c.f., Barnes & Hernquist 1996; Duc et al. 2004 ). . Star formation for a major merger between two identical Sbc disk galaxies. The n = 0, 1, and 2 feedback models are shown in the top, middle and bottom panels, respectively. In every instance the low feedback model has a higher star-formation rate than the high feedback model between T 2 Gyr. The final merger occurs at T = 1.8 Gyr and this is coincident with the highest peak of star formation in every model. Figure 6 displays the star-formation rate during the simulated major merger for all feedback parameter sets except n0toolow. The star-formation history is punctuated by several significant dynamical events. Prior to the first close passage (t < 0.5) the star formation is that of two quiescent disks. The first encounter of the disks, at T = 0.58 Gyr, produces a strong shock between the gas disks and a ridge of high density gas stretches across both disks. This feature generates an enhancement of the global star-formation rate regardless of the feedback model.
Star Formation
Subsequent to the first passage, starting at T ∼ 0.65 Gyr, tidally ejected gas is steadily stripped of its angular momentum and continuously falls back on the original disk galaxy. This process lasts for ∼ 1 Gyr, but the resulting star-formation rate is strongly influenced by the feedback model. The low-feedback models provide gas with minimal pressure support. Gas quickly reaches high densities in the galaxy center, fueling a prolonged burst of star formation. High-feedback models provide much stronger pressure support, which limits the amount of gas at high density and hence the star-formation rate.
At first glance, the prolonged star formation during and immediately after the first disk encounter seems at odds with the results of MH96 and S00, whose progenitor disks, which contained a bulge as ours do here, demonstrated very minor star formation after the first encounter. In fact, the galaxy models employed by MH96 and S00 contained bulges more massive than that used here, and a much smaller fraction of gas. As noted by MH96, this suggests that the suppression of gaseous inflow due to the presence of a bulge is very dependent upon the bulge mass and the disk composition. More work will be needed to quantify the relationship between bulge mass, galaxy composition and early gas inflow leading to bursts of star formation.
The final merger is preceded by an increase in the star formation rate at T ∼ 1.6 Gyr. At this time, gas begins to see the nuclei as a single potential, while it is also being stripped of angular momentum due to the abundant shocks that occur. At T = 1.8 Gyr, the final merger occurs. The strongest burst of star formation precedes the merger by ∼ 50 Myr in every model. The strength and duration of this burst is a strong function of the feedback model. Models with isothermal equations of state have a strong, prolonged burst, while the models with stiffer equations of state suppress large bursts of star formation due to the efficient pressure support provided by the feedback reservoir. During this time, significant shock heating occurs due to the final merger, generating a significant amount of hot gas . After the final merger (T 2.0), some of the shock-heated gas cools and flows to the galaxy center. As the remnant relaxes, any remaining tidal material returns, and the combination of these two things fuels the steadily decreasing star formation.
To provide a more quantitative view of the star formation induced by the galaxy merger, we calculate the fraction e of the original gas converted to stars. We note that e is a measure of the gas consumption during the simulation and hence depends upon when the simulation was stopped. While e is an accurate barometer for our purposes, which simply requires an indication of how much gas was converted Table 3 . Star formation properties of major merger simulations. e is the gas consumption calculated as the fraction of the original gas consumed by star formation during the entire 3 Gyr simulation. SFRmax is the maximum star formation rate during the merger. T LIRG is the duration, in Gyr, at which the star formation rate is greater than 20 M ⊙ yr −1 , corresponding to when this galaxy pair would classify as a luminous infrared galaxy, LIRG. to stars during the simulation, accounting for the star formation that would have occurred in two isolated spirals may be necessary to quantify the "burst efficiency" and may be more useful as an input into semi-analytic models of galaxy formation (e.g., Somerville et al. 2001) . Table 3 lists e for each model. Two trends are noticeable for e, both of which were present in the isolated disk galaxy simulations. One, high-feedback models consume less than half as much of the original gas as the low-feedback models do, for equivalent n. Two, models with a stiffer equation of state (i.e., higher n) suppress star formation, although this is a much smaller effect. Another relevant measure of the global star formation is the peak star-formation rate SFRmax, which is also listed in Table 3 for each model. Interestingly, the equation of state n has a much larger influence on SFRmax than on e. For example n0low has a SFRmax roughly three times larger than n2low, yet the overall gas consumption is larger by only 8%. Similarly, the peak star-formation rate of n2high is only 20% lower than n2low, while the gas consumption is less than half as much.
One interest in studying star formation induced by galaxy mergers is their possible relation to luminous infrared galaxies (LIRGs; Sanders & Mirabel 1996) . LIRGs are classified as galaxies which have an infrared luminosity greater than 10 11 L⊙ and hence are forming stars at 17 M⊙ yr −1 (using the LIR-SFR conversion of Kennicutt 1998). Listed in Table 3 is TLIRG, the total time during the merger in which this system would be detectable as a LIRG. The choice of feedback has a significant effect on the length of time this merger would classify as a LIRG. We note that we have not distinguished between the two progenitors, and thus do not account for viewing angles where the two galaxies would be classified as separate. Nor have we included a full treatment of the obscuring effects of dust and its re-radiation in the infrared (but see e.g., Jonsson 2004; Jonsson et al. 2005) .
It is clear that these three quantities do not describe the full star-formation history of each model. Instead, they are gross measures useful to characterize the effects n and β have on the star formation induced by a galaxy major merger. Future work will compile quantities such as these Figure 7 . Star-formation rate per unit area and gas surface density averaged within an azimuthal aperture of radius 2.0 kpc for the fiducial n2low simulation. Points are shown every 200 Myr during the simulation. The crosses are for one of the two primary galaxies prior to the first passage. The solid (red) squares are for one of the two galaxies after the first passage but before the final merger, from T = 0.6 to 1.8 Gyr, and the open circles are the merger remnant. The points with the highest surface density of gas and star formation rate correspond to the final merger. The solid line is the Kennicutt law, which is a "Schmidt-law" fitted to observational data. The dotted lines represent the envelope in which all observation reside. This plot can be directly compared to Figure 6 from Kennicutt (1998) .
for a wide range of initial conditions, assumed merger orbits, and merger mass ratios. These relations will be useful in analytic or semi-analytic models of galaxy formation.
The Kennicutt Law
The star formation in the simulations was originally designed to be consistent with the empirical Schmidt law (Kennicutt 1998 , here also referred to as the Kennicutt law and given by equation 2). The success of this is verified in Figure 7 , where the star-formation rate and gas mass averaged in a 2 kpc aperture are plotted every 200 Myr for the n2low merger. The Kennicutt law is shown as a solid black line, which the galaxy averaged gas surface density and starformation rate closely track during the entire merger. The dotted lines are used to show the envelope in which all of the observations are contained (see Figure 6 of Kennicutt 1998). It is also encouraging that the simulated merger occupies regions in gas and star-formation rate surface densities in which there is clear observational analogs. Isolated disk galaxies, both observed spirals and the simulated disks prior to the first passage, have gas surface densities between 10 and 100 M⊙ pc −2 . Similarly, at the peak of star formation, the simulated merging object has increased its gas surface density by over an order of magnitude, coincident with the high star-formation rate LIRGs. We caution that the simulations used here don't resolve the very centers Figure 7 except each point corresponds to one simulation at the peak of star formation T = 1.75 Gyr, right before the galaxies merge. The (blue) triangle symbols are for the n = 0 models and the (green) circles and (red) squares are for n = 1 and n = 2 models, respectively. Filled symbols are the low feedback models and open are high feedback models. The solid (red) square is identical to the highest gas surface density point in Figure 7 . For comparison, the isolated disk galaxy simulations, measured within a similar 2 kpc azimuthal aperture, are shown on this plot as crosses.
(< 100 pc) where LIRGs are observed to have the highest star-formation rates. Hence, higher resolution simulations may be required to model the highest star-formation rate galaxies which lay on the observed Kennicutt law. Figure 8 shows that all parameter sets are consistent with the Kennicutt law, by plotting the apertureaveraged star-formation rate and gas surface densities at T = 1.75 Gyr, when the star-formation rate is maximum and as the galaxies are merging. The different models fluctuate around the Kennicutt law. It is interesting that all low-feedback models are above the solid line, while all high-feedback models are below it. This emphasizes that it is not purely c⋆ which sets star formation to be on equation (2), but a complicated combination of star formation and feedback.
Phase Diagram
To illustrate how the feedback reservoir suppresses star formation, a phase diagram showing the effective temperature versus gas density is presented in Figure 9 . The effective temperature includes contributions from the feedback reservoir, and the diagram is shown at a simulation time of T = 1.75 Gyr, 50 Myr before the final merger and in the midst of the strongest burst of star formation in every model. All gas resides in one of three distinct regions in the phase diagram: hot, cold, or star-forming.
Gas which is below the critical density threshold for star formation at ∼ 10 −2 M⊙ pc −3 is designated as either in a hot or cold phase, depending on whether its temperature is Figure 9 . The diagram of effective temperature (T eff =μP eff /kρ, where P eff is given by equation 4) versus gas density, for all lowfeedback and n2high major-merger simulations. The simulations are shown at T = 1.75 Gyr, approximately 50 Myr before the merger. The vertical line is at ρ thresh , the threshold gas density for star formation. The effective polytropic index (n/2) is shown as a short line below the star-forming gas. The horizontal line at 1.2×10 4 K is a guide to the eye and distinguishes between cold and hot gas. above or below 1.2 × 10 4 K. When the simulation begins, all non-star forming gas is cold due to the efficient cooling within the isolated disks. Gas remains cold until the first passage, when tidal tails are ejected and gas contained within the tails adiabatically cools to between 10 3 and 10 4 K. The collision of the two disks at the first interaction also generates shocks, which heat the gas to temperatures well above 10 4 K, where it is deemed hot. Because its cooling time is greater than the merger time-scale, most of this gas expands out of the central region and it remains in this phase until the merger is complete.
Gas which is at, or above, the threshold density for star formation is strongly affected by the feedback model. Owing to the high densities of star-forming gas, the thermal reservoir efficiently cools, and maintains its temperature near 10 4 K. Hence, the energy budget of star-forming gas is dominated by q, and its effective equation of state and temperature are given by equations (9) and (10), respectively. As expected from the discussion in section 2.4, Figure 9 shows that most of the star-forming gas has a temperature greater than 10 5 K. The density dependence of the effective temperature is illustrated by a short line which is closely tracked by star-forming gas. Model n0low shows a temperature floor at the isothermal effective temperature, ∼ 1.6 × 10 5 K. In the n = 2 models, the effective temperature reaches ∼ 10 7 K, which severely limits the maximum gas density. Because of the power-law dependence of star formation on gas density, the choice of n has a large effect on the maximum star-formation rate.
Gas in the star-forming region occupies a range of temperatures for a particular density. This signifies that starforming gas spans a range of entropy (u + q)ρ 1−γ , and thus has a varied history of shock-heating, star formation, feedback and initial entropy. There is also a large amount of gas which has piled up slightly below ρ thresh . In this case, a recent star formation event has caused this gas to be expelled from the star-forming region, but its feedback reservoir has not completely emptied yet. Subsequently, q dissipates and the gas falls back to the high density region, forming a cycle which is the most pronounced in the higher n models. In fact, these oscillations are evident in the star formation rate of n2low from T = 1.8 to 2.0 Gyr.
For completeness, Figure 9 shows one high-feedback model n2high. The short line which indicates the equation of state is elevated to reflect the larger value of β −1 and hence the increased feedback efficiency. When the feedback has a very high efficiency, energy is stored in q for periods of time long compared to the dynamical time. The persistent pressurization minimizes the amount of gas which reaches star-forming densities and instead gas piles up just below ρ thresh . Although not shown, the other high-feedback models are all qualitatively similar.
Merger Remnants
Most of the merger simulations run to-date have focused on the role disk-galaxy major merger may play in forming elliptical galaxies, as first suggested by Toomre & Toomre (1972) ; Toomre (1977) and commonly referred to as the "merger hypothesis". To this end, studies have addressed whether galaxy mergers can reproduce the r 1/4 surface brightness profile which many elliptical galaxies appear to have (Barnes 1992; Hernquist 1992 Hernquist , 1993c Hernquist et al. 1993; Mihos & Hernquist 1994a; Barnes & Hernquist 1996; Springel 2000) , or if the merger remnants fall on the fundamental plane (Bekki & Shioya 1997; Bekki 1998; Naab & Burkert 2003; Dantas et al. 2003 ), a tight correlation between the velocity dispersion, effective radius, and luminosity, on which all ellipticals reside (Djorgovski & Davis 1987; Dressler et al. 1987; Bender et al. 1992) . However, very few of these simulations have included recipes for star formation and feedback or explored how these parameters affect the remnant. In light of this, this section looks at the properties of the merger remnants to determine if studies of this sort might be sensitive to the prescriptions used to include star formation and feedback. We reserve a complete analysis of merger remnants for future work because this will require a much larger set of runs spanning a range of progenitor galaxy mass. Here, we simply present the stellar mass profile, the remnant size, as measured by Re, the half-mass radius, and the one-dimensional central velocity dispersion for each merger remnant. We show that the size and velocity dispersion depend strongly on the feedback model while the stellar mass profile is only weakly dependent. Figure 10 shows the azimuthally averaged surface density profile versus the fourth root of the projected radius for all merger simulations. A pure r 1/4 -type profile would be straight line in this plot. Similar to the work of Mihos & Hernquist (1994a) and S00, the merger remnants show central cusps that are disjoint from the outer density profile. The central-density excess begins at R ∼ 200 pc, near our resolution limit, and is comprised of both stars that are newly formed during the merger (shown as a dotted line), as well as the pre-existing bulge. In higher resolution simulations (see §5.1) the profile changed very little, indicating that it is not resolution which generates the central profile cusp. Further, because all models shown in Figure 10 display a cuspy profile, it does not appear to be a result of the strength or density-dependence of the feedback model, although there is a trend for the high feedback models to form fewer stars and thus the surface density is predominantly bulge-dominated toward the center.
Stellar Mass Profiles
The ubiquitous nature of the central cusp indicates that it is a byproduct of our initial galaxy model. As noted by S00, the remnant has not forgotten about the dense stellar bulge in the progenitor disk. Even a collisionless run, shown as a dashed line in the lower-right plot, demonstrates a break in the surface density. We also performed one simulation without a central bulge which produced a profile that exhibited a more subtle upturn toward the center. Not surprisingly, the central density excess in this case was solely composed of stars formed during in the simulation. These results are consistent with Mihos & Hernquist (1994a) In a recent study of the K-band surface-brightness profiles of 51 merger remnants by Rothberg & Joseph (2004) , 16 (30%) had profiles steeper than r 1/4 . Similar studies of ellipticals have found a much smaller percentage deviate from r 1/4 (Byun et al. 1996) indicating that the discrepancy between the observations and simulations is far from obvious. In fact, during the one Gyr evolution subsequent to the final galaxy merger, the central excess slowly increases due to the remnant gas being converted to stars. This trend might have been abated, or even reversed, if an active galactic nuclei (AGN) were present. Its energy input is likely to disperse, or remove, the remnant gas (Springel et al. 2004a) causing the density profile to remain constant or slightly decrease. In short, a much more thorough study of the time evolution of the surface density profile for various initial conditions will be required to determine if merger remnants evolve into "regular" elliptical galaxies.
As a final comment, we remark that the centrally concentrated new stellar population present in all models has affected even the collisionless component. The contraction of the collisionless component is clearly demonstrated in the lower-right plot of Figure 10 . The total surface density for n2high intersects the collisionless profile at R ≈ 4.5 kpc, signaling that the gaseous dissipation and star formation included in n2high has contracted the mass profile in comparison to the collisionless case.
The Fundamental Plane
To begin, we note that the previous section demonstrated that the collisionless stellar distribution responds to gaseous Table 4 . Remnant properties averaged over 1000 random lines of sight. Re is the half-mass radius of all stars, while Re,os is the halfmass radius of the old stellar component, both disk and bulge, and Re,ns is the half-mass radius of stars generated during the course of the merger simulation. σ is the velocity dispersion of all the stars measured within half Re, and σ 5 is the velocity dispersion measured inside an aperture of 5 kpc. The total and new star effective radii are not calculated for the collisionless simulation because there was no star formation included and hence no new stars. dissipation and star formation in the galaxy center by becoming more concentrated. To quantify the contraction of stellar mass, we measure the half-mass radius Re of the total, the new, and the old stellar (bulge plus disk) mass and list these in Table 4 . The half-mass radius is determined as the radius which encloses half the projected stellar mass. We do not attempt to compute a luminosity profile, nor do we try to fit a r 1/4 -type luminosity profile since it does not appear to accurately characterize the surface density. Hence, Re is not identical to the effective radius, but it serves as a useful proxy. The half-mass radii of the new stars Re,ns shows that half of all stars formed during the merger simulations end up within ∼ 2 kpc of the center of the merger remnant. Further, Re,ns depends on n, the feedback reservoir equation of state, such that increasing n disperses the newly formed stellar population. The dissipation, gas infall and star formation has affected the old stars as well. The half-mass radius of the old stars Re,os is ∼ 14 − 20% smaller in the runs including gas, cooling, star formation, and feedback compared to the purely collisionless simulation.
Model
The central concentrations of newly formed stars affect the kinematics of the entire stellar population. To quantify the stellar kinematics, we calculate the one-dimensional velocity dispersion within an aperture centered on the potential minimum. Table 4 lists the velocity dispersion within apertures of radius one-half Re and 5 kpc, averaged over a thousand projections. The typical scatter due to projection effects is ∼ 10%. Because the one-dimensional velocity dispersion is a measure of the depth of the potential well, the Figure 11 . Cumulative new (formed during the merger simulation) stellar mass in the merger remnant for each model. Shown as solid, dotted and dashed thick lines are the-low feedback models n2low, n1low and n0low, respectively. The thin lines, with much less cumulative mass, are the high-feedback models; solid, dotted and dashed corresponding to n2high, n1high and n0high, respectively. As in Figure 10 , the arrow indicates the gravitational softening length of 0.1 kpc.
remnants with a smaller effective radius naturally lead to a larger velocity dispersion, and in all cases the velocity dispersions are much larger than the collisionless simulationthe largest by over 50%. The dispersion profile also changes. In the collisionless case, the velocity dispersion is flat, i.e., the dispersion is identical when measured within an aperture of 3.6 or 5 kpc. In contrast, the simulations which included star formation and feedback have a velocity dispersion that increases toward the remnant center.
While we reserve a more extensive study of these merger remnants to future work, it is interesting that the effective radii and velocity dispersions presented in Table 4 are consistent with the early-type Re-σ scaling relation found in the Sloan Digital Sky Survey (Bernardi & et al. 2003, see Fig.  4 and 5) . Further, the differences generated by the feedback models scatter the merger remnants perpendicular to this scaling relation, suggesting that it is the interplay between star formation and feedback which fixes the position of a merger remnant on the fundamental plane of hot stellar systems. The sensitivity of merger remnants to feedback models is potentially a useful discriminator for selecting the best model or parameters. Figure 10 and Re,ns both demonstrate that the majority of new stars reside within the inner regions of the remnant. This is confirmed in Figure 11 , which plots the cumulative mass distribution of new stars in each merger remnant. In all models approximately 80% of all new stellar mass is within 10 kpc of the remnant center. In contrast, the simulations of MH96 lead to merger remnants in which all of the new stellar material was within 1 kpc on the center. This suggests that our feedback model restricted the gas inflow and dispersed the central star-forming region. The new star mass cumulative profile is highly correlated with n. The n = 2 models have the lowest cumulative mass distribution for both the high-and low-feedback series. Apparently, the stiffer equation of state has provided sufficient pressure support for stars to be formed over a larger range of radii, thus decreasing the fraction of stars which reside within the inner ∼ 1 kpc of the remnant.
Because stars are stochastically spawned from collisional gas (see the last paragraph in § 2.2), it is possible that the new stellar component spuriously loses energy and angular momentum due to its artificial coupling to the gas. This was explicitly checked by rerunning the n2low simulation with Ng = 10, i.e., each gas particle now spawns 10 individual stellar particles as opposed to the fiducial value of 2. The resulting surface-density profile was very similar to n2low. The new stars were slightly more extended, with a half-mass radius Re,ns = 2.2 kpc, about 10% larger than n2low. The more extended new stars also affected the velocity field and the dispersion was lower at half Re and higher at 5 kpc, but both of these effects were only ∼ 3% of the values listed in Table 4 .
The ubiquitous presence of the central density enhancement in all merger remnants leads us to suspect that a more violent course of action is required to expel gas from the central regions prior to forming stars. It is unclear if this is a shortcoming of our feedback model, which does not provide a mechanism to expel gas from dense regions, or whether the inclusion of a strong energy source such as an AGN would help. There is evidence that AGN activity is correlated with mergers (Veilleux et al. 1995; Wyithe & Loeb 2003) and that many mergers show outflows of gas (Strickland et al. 2002; Martin 1999) . Recent work by Springel et al. (2004b) has demonstrated that accreting black holes can indeed expel large amounts of gas and completely shut off star formation. Another possibility is that black hole binaries could expel some of the central stars via gravitational three-body interactions (Milosavljević & Merritt 2001) .
DISCUSSION

Resolution Study
The resolution of N-body simulations such as those performed here is determined by the particle number N and the gravitational softening length h. Increasing N and decreasing h both result in higher resolution. Of course, this comes at the expense of computational time. In practice the values for N and h are a balance between resolution and resources. In this section we explore variations in particle number and smoothing length for our fiducial simulation. To isolate the effect of particle number, the n2low major merger was resimulated with the total particle number increased by factors of 2, 4 and 10. The ratio of dark-matter to collisionless disk to collisional particle number remained fixed. The highest resolution simulation contained 1,000,000 dark matter particles, 300,000 each of stellar disk and collisional gas, and 100,000 bulge particles for each galaxy, making the total number of particles used in this simulation 3.4 million. The individual particle masses were 7.1 × 10 5 M⊙ for the dark matter, 1.8 × 10
5 M⊙ for the collisional gas, 1.3 × 10 5 M⊙ for the stellar disk and 1.0 × 10 5 M⊙ for the stellar bulge. In general, increasing N allows the gravitational softening length to be decreased as roughly N −1/3 . However, because of the increased computation time resulting from this scaling, we have chosen to use a smaller softening length for only one simulation. We choose our highest resolution simulation that had ten times the particle number. In this case, the softening length was 10 1/3 (0.46) times smaller than the fiducial 0.1 kpc. Figure 12 shows the star-formation rate for simulations of varied resolution. As the resolution is increased, either via N or h, we find a slight trend of lower star-formation rates during the initial passage, but the effects are less than 5% and, overall, there is excellent agreement between the global gas consumption. The consistency of star formation for all resolution runs suggest that our fiducial particle number is sufficient to resolve the star-formation history.
The merger remnants are also insensitive to the increased resolution. The surface density, half-mass radii, and velocity dispersions are all within 2% of the n2low simulation, with no trend as a function of higher resolution. However, there are subtle differences between the high-and lowresolution simulations. In particular, the number of small condensations orbiting the central gas disk in the merger remnant (see bottom-right panel in Fig. 5 ) is increased by ∼ 30%.
Comparison to Previous Work
The simulations presented here extend prior studies of star formation and feedback in equal-mass gas-rich disk-galaxy major mergers. As in the work of MH96 and S00, we find that mergers drive gas inflows which efficiently form stars leading to a central concentration of newly formed stellar mass. Furthermore, we have quantified how these results depend on the assumed feedback efficiency and density dependence. However, there are many differences between the methodology used here and those employed in previous sim- ulations. In this section we investigate these differences by resimulating our n2low simulation with modifications mirroring many of these differences.
To clarify the comparison, the differences between the simulations presented here and those of MH96 and S00 are listed below:
(i) Our simulations use a version of SPH which integrates the entropy, while MH96 and S00 used a version of SPH which integrated the energy.
(ii) The star-formation recipe employed is identical in all simulations, but the normalization, i.e. the choice of c⋆, is different. The fiducial value used in all simulations here was 0.03, while S00 and MH96 both used 0.004. For completeness, we will investigate a range of values both an order of magnitude smaller and larger than ours.
(iii) MH96 represented the ISM as an isothermal gas, at 10 4 K. They argued that gas in disk galaxies efficiently cools and thus fixing the gas to this temperature scarcely affects the gas dynamics. S00 included adiabatic gas processes and shock heating as we do here.
(iv) To represent stellar feedback, MH96 imparted momentum "kicks" while S00 and this work chose to pressurize the ISM. In a recent paper, Springel et al. (2004b) showed these "kicks" to be a weak form of feedback that was dependent upon the numerical resolution. We do not consider this further.
(v) Each simulation used a different disk-galaxy model.
In what follows we attempt to go through the above items (i) through (iii), resimulating our fiducial n2low model with slight modifications aimed at illustrating the outcomes of each assumption. As mentioned above, we do not address item (iv) because this was recently performed by other authors and understanding the relation between pressurization feedback and star formation has been the central part of the previous two sections. We also do not fully address item (v). To understand the effect the initial disk-galaxy models have on the star formation would require a large series of runs spanning the huge parameter space of disk-galaxies. The basis for such a project was broached in Cox (2004) , and in section 5.4 we briefly discuss some of his results as well as results that can be culled from the literature.
SPH Version
All simulations presented up to this point have used a version of SPH which integrates the entropy and was formulated to conserve both energy and entropy, when appropriate (Springel & Hernquist 2002) . In order to discern the effects of our choice of SPH we resimulate the fiducial n2low merger with alternate versions. Specifically, we use the "energy, geometric" and the "energy, standard" versions, where we follow the naming convention of Springel & Hernquist (2002) and refer the interested reader to their paper for further details. The galaxy-merger simulations of S00 and MH96 used the "energy, standard" version. Figure 13 shows the star-formation rate during the SPH runs. The most striking feature of the star-formation rate is the uniform enhancement during times prior to the final merger. In addition, after the final merger, at T = 1.8 to 2.0 Gyr, the energy versions of SPH show a large peak of star formation, while n2low has star-formation rates half as much. We speculate that the lower star-formation rate in the entropy version of SPH arises due to the proper handling of point-like energy injections, as demonstrated in Springel & Hernquist (2002) , and to improved adiabatic heating when gas falls into the central regions of the halo. As shown in Table 5 , the total amount of gas consumed is quite different in the three simulations. Clearly, prior versions of SPH overpredicted the efficiency of star formation.
Star-Formation Normalization
The parameter c⋆ normalizes the course-grained recipe to convert gas to stars via equation (1). While §4.1 showed that c⋆ = 0.03 reproduced the observational Kennicutt law (2) over two orders of magnitude in gas surface density, the observational scatter appears large enough to allow for a range of star-formation efficiencies. In this section, we resimulate the fiducial n2low model with c⋆= 0.004, 0.015, 0.06, and 0.3. These values of c⋆ represent excursions from our fiducial value (0.03) of an order of magnitude (0.004 and 0.3) and a factor of two (0.015 and 0.06). Both MH96 and S00 used c⋆ ≈ 0.004. Figure 14 shows the star-formation rate for the fidu- Figure 14 . Star-formation rate during the fiducial merger for different values of c⋆, the parameter that sets the star formation efficiency. Table 6 . Star-formation properties of major merger simulations as a function of c⋆. Quantities are defined in Table 3 . cial n2low simulation and the four mergers with alternate star-formation normalizations. Not surprisingly, the star formation prior to the final merger correlates with the star formation efficiency c⋆, but the situation reverses after the merger. In fact, the low efficiency of star formation means very little gas is consumed prior to the final merger, and by the end of the simulation, at T = 3.0 Gyr, the c⋆ = 0.004 simulation has the highest rate of star formation. In a manner similar to §4.1, the star formation can be quantified by the gas consumption, the maximum star-formation rate, and the duration in which the merger would qualify as a ULIRG, which are listed in Table 6 . Varying the star-formation efficiency highlights the differing effects of star formation versus feedback. For example, changing the fiducial n2low model by decreasing c⋆ to 0.004 (as done above) or increasing β −1 to 2.0 (n2high), reduces SFRmax and e. Increasing the feedback, as in n2high, restricts the ability of gas to reach high densities, but gas which does so will be rapidly converted to stars. Hence, the gas consumption e is strongly affected while the peak starformation rate is only slightly less than n2low. In contrast, decreasing c⋆ only slightly alters the gas density but strongly reduces the star-formation efficiency of the high-density gas. In this case, the maximum star-formation rate is less than half n2low, but the gas consumption e is higher than when increasing the feedback.
Because the star-formation rate was affected by different values of the star-formation efficiency c⋆, it's reasonable to ask if the agreement with the Kennicutt law has been destroyed. Figure 15 answers this question by showing the gas and star-formation rate surface densities in a 2 kpc aperture for each of the simulations with different c⋆. As expected, due to our coupling of star formation to the gas density via equation (1), the slope of each simulation tracks the observed Kennicutt law. However, the various normalizations have shifted the amplitude of star formation so that the values 0.3, and 0.004 are on the edge of the observed range.
Isothermal ISM
Next we consider differences generated by assuming the ISM is an isothermal gas with temperature 10 4 K. Because of the efficient cooling in quiescent disk galaxies, it is reasonable to assume their thermal energy is maintained near 10 4 K. Indeed, this is precisely the case for our model galaxy when simulated in isolation. However, galaxy mergers are a much more violent event in which there is ample shock heating of low-density gas ). This was demonstrated in §4.3, where phase diagrams showed large amounts of hot (∼ 10 6 K), low density (10 −4 − 10 −7 M⊙ pc −3 ) gas. In this state, the cooling time is much longer than the orbital time, and the gas becomes locked in this phase, unable to form stars. If the temperature of this gas was fixed at 10 4 K, this gas would be much more likely to fall back to the galactic center and may significantly affect the star-formation rate.
Rather than speculate what effects the isothermal ISM Figure 16 . Star-formation rate for our n2low model and for the identical model except the temperature of non-star forming gas is fixed at 10 4 K. Table 7 . Star formation properties of major merger simulations as a function of ISM metallicity. The metallicity is given relative to solar and the remaining quantities are defined in Table 3 . assumption may have, we run our n2low model with the gas thermal temperature fixed to 10 4 K. In order to maintain a stable isolated disk, the feedback reservoir q still operates as outlined above. Under these conditions, the star-forming gas is scarcely different then n2low while all non-star forming gas is effectively 10 4 K. The resulting star formation, in comparison to n2low, is shown in Figure 16 . The isothermal assumption makes a large difference. Assuming gas is 10 4 K increases the gas consumption e by 20% over n2low. This fraction of gas is almost exactly the same quantity of gas which ends up in the hot, low-density phase in n2low and the periods of maximum difference between the two starformation rates is precisely when large shock heating occurs. In addition, the maximum star-formation rate for the isothermal case is four times that of n2low. Hence, assuming the ISM is isothermal grossly underpredicts the amount of shock heating due to the merger and results in much more star formation. 
ISM Metallicity
The ISM radiatively cools at a rate which is highly dependent upon the metallicity. Up to now, cooling has been calculated assuming the ISM is a primordial plasma with zero metallicity. This section resimulates the fiducial n2low model with radiative cooling calculated from the tabulated cooling curves of Sutherland & Dopita (1993) and assumed gas metallicities, in units of solar, of 10 −3 , 10 −2 , 10 −1.5 , 10 −1 , and 1. The resulting star-formation rate is shown in Figure 17 . As expected, the increased metallicity leads to a higher fraction of the gas in the cold phase, and raises the star-formation rate. The increased cooling due to metals is strongest for gas which is ∼ 10 5 K, and hence the star formation differences are not apparent until gas begins to populate this temperature range. Gas at these temperatures is produced by the interaction itself, in shocks that occur between gas in the progenitor disks. While the maximum star-formation rate does not dramatically change for simulations with increased gas metallicity, the gas consumption e steadily increases. The star-formation properties are listed in Table 7 .
The 13% increase in e during a merger with an ISM of solar versus zero metallicity suggests that significant errors can be made in the quantity of cold gas in numerical simulations by treating the ISM as a primordial plasma. In the future, to avoid inaccuracies such as this, the radiative cooling should be included self-consistently. The metals produced by stars should enrich the ISM and thus increase its cooling rate.
Progenitor Dependence
Above, we have used one galaxy model to investigate the star formation induced during a major merger. While we have carefully studied the star-formation response due to a variety of numerical and physical parameters, it is unclear how these results depend on the progenitor model we chose. Our galaxy, modeled after a local Sbc, is large, gas-rich, and contains a small bulge. A galaxy such as this is representative of only a small percentage of the local galaxy population but may be more typical at higher redshift.
As a preliminary study for the work presented here we simulated the exact galaxy models of MH96 and S00, with initial conditions that were kindly supplied by the authors. The dependence on c⋆, the version of SPH, and assuming the gas was isothermal at 10 4 K all affected the star-formation history in a manner that was fully consistent with what was presented in §5.2.1, §5.2.2, and §5.2.3, arguing that these assumptions are independent of the galaxy model. However, the star-formation rates are very different.
On the basis of the star-formation rates for our Sbc galaxy model, in comparison to those collected from the literature (e.g., S00, MH96, Springel et al. 2004b ) and work done in conjunction with this paper (Cox 2004) , we postulate that gas mass, gas distribution, and the presence of a bulge are the primary factors which determine the star formation during a disk-galaxy major merger. Not surprisingly, gas mass is likely to be the primary determinant of the starformation rate. This should be the case for both quiescent and merging systems. However, it is unclear if the gas consumption e should depend on the original gas mass. Rather, it may be the distribution of the original gas which determines e. Namely, compact gaseous disks, such as those of S00 and MH96, will efficiently convert the majority of their gas to stars, while large, extended disks, such as ours, will eject much of the gas in tidal tails leaving more gas in the remnant. This is one factor which explains why the mergers presented here consumed a smaller fraction of their original gas than in the simulations by S00 and MH96.
The work of S00 and MH96 showed that the presence of a bulge stabilizes the stellar and gaseous disk to axisymmetric perturbations thereby delaying the inflow of gas until the final merger. It is expected that the stability provided by the bulge is dependent upon its mass, which is confirmed here. The bulge mass in the models of S00 and MH96, which stabilized the disk and suppressed early gas inflow, was roughly one-third the disk mass. In contrast, the bulge used in our Sbc model is one-tenth the disk mass and provided no stability to tidal forcing at the first passage. This generated a large, prolonged burst of star formation in all of our lowfeedback models.
CONCLUSION
We have carried out a series of simulations of merging disk galaxies with simple recipes for implementing star formation and feedback. The free parameters of this model are constrained to yield a stable isolated disk galaxy, with a starformation rate consistent with the empirical Kennicutt law. This model was then used during equal-mass prograde major mergers to investigate the star-formation response under a variety of parameter excursions. The primary conclusions can be summarized as follows:
• We find that the parameter which controls the star formation efficiency, c⋆, and the parameter which determines the feedback efficiency, β −1 , are largely degenerate. Increasing c⋆ or decreasing β −1 both result in a higher gas consumption (e, as we have defined it here) during the merger event.
• The strength and duration of bursts of star formation are highly dependent upon the feedback equation of state parameter n. For similar gas consumption, a model with an isothermal equation of state (n = 0) has a maximum star-formation rate of 159 M⊙ yr −1 , while a model with a stiff equation of state (n = 2) has a maximum of only 56 M⊙ yr −1 .
• The merger remnants have a centrally concentrated population of new stars in every model. These new stars produce a distinct break in the projected surface-density profile, decrease the half-mass radius, and increase the central onedimensional velocity dispersion. The half-mass radius and one-dimensional velocity dispersion are strongly dependent on the feedback model.
• It appears that we have reached a converged starformation history with respect to the resolution of our simulations.
• A value of c⋆ = 0.03 provided a good match to the empirical Kennicutt law, but the observational spread is large. This means that values of c⋆ which vary by an order of magnitude are still within the observed range.
• Our results extend, and are consistent with, previous numerical simulations of star formation in colliding disk galaxies. A detailed comparison finds that versions of SPH which integrate the energy or assume that the ISM is an isothermal gas at 10 4 K both predict much more efficient star formation due to the merger.
• Changes in the assumed metallicity of the ISM yield different star-formation histories due to the more efficient cooling of higher-metallicity gas.
The most significant aspect of the work presented here is that galaxy mergers are less efficient at converting the available gas to stars than previously thought. These results should hold for any feedback methodology that chooses to pressurize gas in star-forming regions, as we have done. In fact, the inclusion of additional physics such as galactic winds (Sommer-Larsen et al. 1999; Springel & Hernquist 2003) or AGN feedback (Springel et al. 2004b ) will only decrease the efficiency of star formation further. This poses a challenge to models of galaxy formation which utilize high star-formation efficiency during major mergers to produce the submillimeter and Lyman-break galaxies (Somerville et al. 2001; Baugh et al. 2005) .
It is encouraging, though, that under a wide range of assumptions we are able to produce stable, gas-rich quiescent galaxies and large prolonged bursts of star formation. Furthermore, for the models that produce large bursts of star formation, the insensitivity of the global gas consumption to the details of the model leads us to believe that we can apply these techniques to a large series of merger simulation and achieve a reliable estimate of the ability of galaxy interactions to drive star formation, a project which has already been started. While the same universality does not hold for the maximum star-formation rate of each model, this is a something that might be more easily constrained by matching to observations, as we mention below.
One of the goals of this work was to uniquely determine the best star formation and feedback parameter set for use in a large series of major and minor merger simulations. Unfortunately, we have not achieved this goal. Using the simple requirements of isolated disk stability and star formation consistent with Kennicutt (1998) does not uniquely determine one parameter set. On the contrary, we have presented six viable parameter sets which span a wide range of feedback efficiency and density-dependence that are all still consistent with our basic requirements.
Is there any hope of a unique determination of recipes for feedback? Certainly. Because there is a strong observational link between galaxy interactions and star formation (Borne et al. 2000; Lambas et al. 2003; Barton Gillespie et al. 2003; Nikolic et al. 2004) , it seems reasonable to require a significant burst of star formation resulting from the merger event. In this sense, the "high" feedback model are lacking. However, it would be very helpful to have an observational catalog of mergers and merger remnants, including estimates of the orbits and galaxy masses, to compare the simulations to.
In addition, we have presented evidence that the remnant properties, such as half-mass radius and velocity dispersion, are highly dependent upon the star formation and feedback assumptions. Hence, it is likely that performing a large series of runs, and comparing them to a statistical sample of elliptical galaxies, will significantly discriminate between the models. It is also possible some leverage can be garnered from the significant differences in gas properties predicted by the different feedback models. By comparing phase diagrams such as those in §4.3 to mass-weighted phase diagrams of observed galaxies there may be some models that could be ruled out. Another avenue for comparison between the models and observations is the gas morphology. For instance, the feedback parameters significantly affect the thinness of the gas disk, and hence the formation of dust lanes (see Jonsson  2004) , a feature observed in most edge-on spirals.
The ultimate test of feedback models may require detailed comparisons between observations of quiescent or interacting galaxies and simulations designed to reproduce these galactic systems. Modeling of specific galaxy systems has already been done in several instances such as "The Mice" (Barnes 2004 ), M51 (Salo & Laurikainen 2000) , Arp118 (Lamb et al. 1998 ), Arp119 (Hearn & Lamb 2001 ), Arp220 (McDowell et al. 2003 , NGC 2442 (Mihos & Bothun 1997) and NGC 7252 (Hibbard & Mihos 1995) , although none of these explored a range of feedback parameterizations. It is evident that much work must be done to determine what initial conditions are plausible and which physical processes must be included to reproduce the varied and extreme environments of galaxy mergers.
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